The manipulation of light propagation is a basic subject in optics and has many important applications. With the development of nano-optics, this area has been downscaled to wavelength or even subwavelength scales. One of the most efficient ways to control light propagation is to exploit interference effects. Here, by manipulating the interference between two nanogrooves on a metal surface, we realize a submicron broadband surface-plasmon-polariton (SPP) unidirectional coupler. More importantly, we find an anomalous bandwidth shrinking behavior in the proposed SPP unidirectional coupler as the groove separation is down to a subwavelength scale of one-quarter of the SPP wavelength. This abnormal behavior is well explained by considering the contribution of the near-field quasi-cylindrical waves in addition to the interference of propagating SPPs and the dispersion effects of individual grooves. Such near-field effects provide new opportunities for the design of ultracompact optical devices.
T he manipulation of light propagation is a basic subject in optics and has many important applications. One of the most efficient ways to control light propagation is to exploit interference effects 1 . By regulating the amplitudes, initial phases and separations of a series of light sources, the propagation direction and field distribution of an optical field can be well manipulated. This strategy is widely employed in many aspects ranging from the classical gratings 1 , radio-wave antennas 2 to the more recently developed research area of nanooptics, such as optical antennas [3] [4] [5] , surface-plasmon-polariton (SPP) directional excitation 6, 7 and focusing 8, 9 , and so on 10 . Traditionally, the bandwidth of an interference component is roughly inversely correlated to the interference length when the interfering sources have no dispersion effects, because the interferences are mainly determined by the propagating phase shifts between different sources in this case. Thus, a smaller separation of interfering sources usually gives a broader device's working bandwidth. Such broadband nature is highly preferred because it can greatly extend the application scope of a real optical component. In the paper, a submicron broadband SPP unidirectional coupler is proposed and experimentally demonstrated. First, the interference between two nanogrooves on a metal surface is manipulated to realize unidirectional launching of SPPs with high extinction ratio and high excitation efficiency. Then, by decreasing the groove separation to three-quarter of the SPP wavelength, a broad bandwidth of roughly 200 nm with high extinction ratios of $10 dB is successfully achieved. However, further reduction of the groove separation to one-quarter of the SPP wavelength results in an abnormal shrinking in the bandwidth. Such an anomalous phenomenon cannot be simply explained by taking into account the interference of the propagating SPPs and the dispersion effects of individual grooves. It is found that the near-field quasi-cylindrical waves (CWs) give important contributions to the abnormal bandwidth shrinking. This is the first time significant influence of the CW component on the bandwidth of a subwavelength plasmonic structure has been observed. Such near-field effects provide new opportunities for the design of ultracompact optical devices, especially wavelength-sensitive devices with subwavelength scales.
Results
Design of the SPP unidirectional coupler. Recently, SPPs attract lots of research interests because of their ability to break the diffraction limit and manipulate light at subwavelength scales 11, 12 . They are believed to be promising candidates for constructing the next-generation ultracompact integrated photonic circuits 13 . To realize such potential, an essential issue is to excite SPPs effectively and to control the direction in which they are launched 6, 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . A nanogroove with proper dimensions on a metal surface can work as an efficient SPP coupler, when it is resonantly excited by the normal incident light 24, 25 . However, the SPP launching intensities to the two opposite directions are equal due to the excitation symmetry. In order to realize unidirectional excitation of SPPs 6, 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , one possible choice is to excite two nanogrooves with different geometries together. Figure 1(a) shows the schematic diagram of the groovedoublet structure, including the geometrical parameters w 1 , h 1 , w 2 , h 2 of the two grooves and the groove separation d. Under normal incidence, each groove excites two equal SPPs to the opposite directions. The complex amplitudes of the excited SPPs by groove 1 and groove 2 are denoted by A 1 and A 2 , respectively. The excited SPPs propagating to the counterpart groove will partly transmit through the groove and partly be reflected. The corresponding SPP transmission and reflection coefficients are denoted by t 1 , t 2 and r 1 , r 2 . The finally launched SPP amplitudes away from the groove-doublet to the left A L and to the right A R can be expressed as
with k spp being the SPP wave vector. Since a nanogroove generally presents a high SPP transmission and a low SPP reflection 26, 27 , to the zero-order approximation, we can take in account only the first two terms in the right sides of equations (1) and (2) and assume t 1 , t 2 to be 1. Then, equations (1) and (2) become
Because the groove separation d is small here compared with the SPP propagation length, the SPP propagation loss over such a short distance can be ignored and exp(ik spp d) mainly represents a pure phase shift factor. Therefore, to achieve the highest contrast between A L and A R , we can choose A 2 5 (6)i?A 1 and exp(ik spp d) 5 (6)i. This gives A L 5 0 and A R 5 2A 2 , or A L 5 2A 1 and A R 5 0, depending on the same signs or the opposite signs are chosen in the brackets. Correspondingly, perfect SPP unidirectional excitation to the right or to the left is obtained with the extinction ratio to infinity. Physically, the above chosen condition means that the two nanogrooves should excite SPPs with equal intensities and an initial phase difference of p/2 [represented by the solid vectors in Fig. 1(b) ]. After propagating over a distance of d 5 (n 6 1/4)l spp , the transmitted SPPs [represented by the dashed vectors in Fig. 1(b) ] are just in phase with the directly excited SPPs in one direction and antiphase in the opposite direction. Consequently, completely constructive interference and destructive interference occur in the according directions.
To test the above proposal, we perform numerical simulations by the finite element method (FEM), using commercial software COMSOL Multiphysics. We start with the SPP excitation property of a single nanogroove at the incident wavelength of l 5 800 nm. The groove width of w 5 80 nm (0.1l) is chosen as a typical example. As the groove depth changes, the SPP excitation shows evident resonant characteristics with the smallest resonant groove depth at 92 nm. According to the previous analysis, two non-resonant groove depths of 67 nm and 134 nm are selected as the working parameters to realize the SPP unidirectional excitation, which provide nearly equal SPP excitation intensities and a phase difference of p/2 (see Supplementary Fig. S4 online) . The scatters in Figs. 2(a) and 2(b) display the FEM-simulated SPP excitation efficiencies of the groovedoublet structure to the left (g L ) and to the right (g R ) as functions of the groove separation d. Here, the SPP excitation efficiency is defined as the SPP power flow to a certain propagation direction normalized by the light power flow incident on the two nanogrooves. As expected, the excited SPPs primarily propagate to the left at groove separations of d 5 (n 2 1/4) l spp and to the right at d 5 (n 1 1/4) l spp . The according extinction ratio g L /g R (in dB) is displayed in Fig. 2(c) . At d 5 (n 6 1/4) l spp , extinction ratios with high absolute values of about 15 dB are observed. Meanwhile, the SPP excitation efficiency to the unidirectional launching direction is as high as about 1.5. This means the launched SPP power flow is even higher than the incident power flow directly on the two nanogrooves. Thus, efficient unidirectional excitation of SPPs with high extinction ratio as well as high efficiency is successfully realized, which well verifies the previous proposal.
A close examination of Fig. 2 (c) reveals that, the extinction ratios at d 5 (n 6 1/4) l spp are far from infinity which is predicted by the analysis. Such discrepancies can be attributed to the zero-order approximation engaged in the analysis. If we take into account the SPP transmission and reflection effects at the nanogrooves and calculate the SPP excitation efficiencies using equations (1) and (2) presents the FEM-simulated magnitude of the scattered magnetic field, with unidirectional launching of SPPs to the left direction clearly seen.
Bandwidth of the SPP unidirectional coupler. Besides the SPP excitation efficiency and the extinction ratio, the bandwidth is also an important factor for an SPP unidirectional coupler, especially in real applications. Although the extinction ratios at d 5 (n 6 1/4) l spp can always reach ultrahigh values at a fixed wavelength after optimizing the groove depths, their wavelength dependences are quite different. Roughly speaking, an extinction ratio of $10 dB is good enough for many applications. So we define here the bandwidth of an SPP unidirectional coupler as the wavelength range with extinction ratios of $10 dB. According to equations (1) and (2), the wavelength response of the proposed SPP unidirectional coupler is mainly determined by two factors. One is the wavelength responses of individual nanogrooves, which does not vary with the groove separation d. The other is the pure interference factor between two interfering sources, which is represented by the propagation phase shift factor exp(ik spp d). If we ignore the first factor and only take into account the pure interference factor, the zero-order approximation expressions of equations (3) and (4) predict bandwidths of 724, 207, 124, 88 nm at groove separations d 5 1/4 l spp , 3/4 l spp , 5/4 l spp , 7/4 l spp . That is, a smaller groove separation gives a broader bandwidth and the bandwidth is roughly inversely proportional to the interference length. This is a common character for the interference between two dispersionless sources. However, the direct FEM simulations show quite different results. The blue, green, orange and red scatters in Fig. 3(a) indicate the FEM-simulated extinction ratios with changing the incident wavelength at groove separations of d 5 1/4 l spp , 3/4 l spp , 5/4 l spp , 7/4 l spp . In the simulations, the groove depths are all optimized to ensure nearly perfect extinctions to be achieved at the same central wavelength of l 5 800 nm. The resulted bandwidths are 107, 174, 127, and 89 nm, respectively. Although the last two bandwidths at d 5 5/4 l spp , 7/4 l spp consist well with the previous prediction, the bandwidth at d 5 3/4 l spp is already a little smaller than the predicted value. More seriously, at d 5 1/4 l spp , the bandwidth is not only much smaller than the prediction but also evidently smaller than the corresponding bandwidths at d 5 3/4 l spp and d 5 5/4 l spp . That is, an abnormal bandwidth shrinking behavior is observed. What is the physical mechanism leading to this anomalous phenomenon? Firstly, we think of the influence of the dispersion effect of the individual grooves, since this fixed factor may have evident impact on the bandwidth at small groove separations [the influence of the pure interference factor exp(ik spp d) becomes small at small groove separations]. To testify this conception, we make calculations using equations (1), (2) and take into account the wavelength response of each groove (A 1 , A 2 , t 1 , r 1 , t 2 , r 2 as functions of the wavelength). The calculated bandwidths are 195 nm at d 5 1/4 l spp and 158 nm at d 5 3/4 l spp (in the calculations, the groove depths are also optimized to ensure nearly perfect extinctions to be achieved at l 5 800 nm). These two bandwidths are evidently smaller than the previous predictions (724 and 207 nm), which clearly demonstrate the influence of the wavelength responses of individual nanogrooves to the bandwidth at small groove separations. The newly calculated bandwidth roughly matches the direct FEM simulation results at d 5 3/4 l spp . However, at d 5 1/4 l spp , the calculated bandwidth is still significant larger than the FEM simulation result. Besides, the newly calculated bandwidth To get an insight into the anomalous bandwidth shrinking phenomenon, let us recheck Figs. 2(a)-(c) carefully. It is found that the calculated results by equations (1) and (2) deviate from the direct FEM simulation results more and more as the groove separation becomes smaller and smaller. This implies that, except for the propagating SPPs, other near-field effects may also give important contributions. As is known that, in addition to SPPs, quasi-cylindrical waves (CWs) also give evident contributions to the total field on the metal surface at short distances from an electromagnetic source (such as nanogrooves and nanoholes) [28] [29] [30] [31] [32] [33] [34] . So, at small groove separations, CWs excited by one groove will be partly scattered into SPPs at the other groove and change the total SPP intensities. To include the CW contribution quantitatively, we employ a modified model which takes into account cross conversions between SPPs and CWs through scatterings at the two nanogrooves (see Methods). The calculated results using this modified model are displayed by the blue lines in Figs. 2(a)-(c) . Much better accordance between the calculated results and the direct FEM simulation results is observed compared with the previous pure SPP model based on equations (1) and (2), especially at small groove separations. This means that, although the pure SPP model can demonstrate the main features of the groove-doublet structure, the CW contributions must be considered at small groove separations. Now we inspect the influence of CWs on the anomalous bandwidth shrinking at d 5 1/4 l spp . Using the modified model including CW contributions, the extinction ratios at different wavelengths are calculated and presented by the lines in Fig. 3(a) . Nearly perfect match between the calculated results and the direct FEM-simulated results are observed. The anomalous bandwidth shrinking behavior at d 5 1/4 l spp is well reproduced, demonstrating that CWs are responsible for it. To get further into the detailed mechanism, the SPP amplitudes A L j j and A R j j at d 5 1/4 l spp are calculated using different models and displayed by the solid and dashed lines in Fig. 3(b) . Although the absolute variation with wavelength of A R j j is comparable to that of A L j j, its relative variation is much smaller due to the much larger absolute value. So the wavelength response of the extinction ratio is mainly determined by the wavelength response of A L j j. The blue solid line shows the calculated A L j j by the modified model including CW contributions. This total SPP amplitude has two contributions. One coming from the pure SPP model is displayed by the red solid line. The other related to the CW component is indicated by the black solid line. At the best extinction wavelength of l 5 800 nm, the SPPs contributed by the pure SPP component and the CW component have nearly equal amplitudes and a phase difference of p. They just cancel with each other, resulting in a nearly zero total SPP intensity. When the wavelength deviates from l 5 800 nm, the SPP amplitude contributed by the pure SPP model [red solid line in Fig. 3(b) ] roughly becomes higher and higher. However, the SPPs and the CWs have quite different wavelength-dependent properties due to the dispersion of the metal's permittivity 31 . It turns out that the SPP amplitude contributed by the CWs [black solid line in Fig. 3(b) ] roughly becomes lower and lower with the wavelength deviating from l 5 800 nm. Besides, the phase difference between the SPPs contributed by the pure SPP component and the CW component also deviates from p (for instance, 0.73p at l 5 750 nm and 1.27p at l 5 850 nm). Consequently, the SPPs contributed by the pure SPP model are less canceled by the SPPs contributed by the CW component as the wavelength departs from the best extinction position of l 5 800 nm, and the resulted total SPP amplitude A L j jis high. Thus, the total SPP amplitude A L j j changes with the wavelength much rapidly than the SPP amplitude contributed by the pure SPP model. Here, the SPPs contributed by cross conversions between SPPs and CWs increases the variation of the total SPP amplitude A L j j with changing the wavelength, which in turn decreases the bandwidth. This is the origin of the anomalous bandwidth shrinking behavior at d 5 1/4 l spp . For comparison, the SPP amplitudes calculated directly by the pure SPP model (with groove depths optimized to also obtain nearly perfect extinctions at l 5 800 nm) are displayed by the green line in Fig. 3(b) . Without the CW contribution, the SPP amplitude changes with the wavelength much slowly, which gives a broader bandwidth. Thus we get to the conclusion that the bandwidth of the groove-doublet structure at the subwavelength groove separation of d 5 1/4 l spp is significantly reduced by the contribution of the near-field CW component in addition to the Totally speaking, the groove-doublet structure presents the largest bandwidth at groove separation of d 5 3/4 l spp . At this working point, an extremely broad bandwidth of 174 nm with high extinction ratios of $10 dB can be achieved. Meanwhile, the SPP excitation efficiency in the SPP launching direction keeps high values of . 1.15, and the lateral dimension of the whole structure is only about 670 nm. Such a submicron SPP unidirectional coupler with high performance (especially the broad bandwidth) will greatly facilitate the applications.
Experiment. To demonstrate experimentally the proposed SPP unidirectional coupler, we choose bigger groove widths of w 1 5 w 2 5 240 nm (about 0.3l) for the sake of easier sample fabrications. FEM simulations show that the proposed SPP unidirectional coupler can work well over a wide range of groove widths if only the groove depths are adjusted accordingly. For the current case, the groovedoublet with h 1 5 73 nm and h 2 5 266 nm (w 1 5 w 2 5 240 nm, d 5 587 nm) presents similar performance as the previous narrowgroove case, with an even little broader bandwidth of about 210 nm.
Experimentally, the groove-doublet structure was fabricated by direct focused ion beam milling in a 450-nm-thick gold film. Figure 4 (a) shows a scanning electron microscope (SEM) image of the experimental structure. In the middle, there is a 15-mm-long shallow nanogroove with a 7.5-mm-long deeper nanogroove extended over only the lower half of the shallow nanogroove. Hence, the lower-half structure forms the groove-doublet, while the upper-half single nanogroove acts as an in-chip reference. Two nanoslits cut through the metal film lying symmetrically on the two sides of the central structure with a distance of 10 mm are designed to reconvert the launched SPPs back into photons. So the far-field detected signals can give a direct measurement on the relative intensities of the evanescent SPPs. The measured geometrical parameters are about w 1 5 250 nm, w 2 5 220 nm, h 1 5 100 nm, h 2 5 240 nm, and d 5 565 nm.
In the measurement, the central structure was normally illuminated from the front side using a p-polarized laser beam with a radius of about 3 mm. A fraction of the excited SPPs leaking through the observation slits was collected by an objective from the substrate side and imaged onto a charge coupled device (CCD). Thus, the extinction ratio of the groove-doublet structure could be simply measured by comparing the signal intensities of the two observation slits. Measured results with different incident wavelengths are displayed by the scatters in Fig. 4(b) . The bandwidth with extinction ratios of $10 dB was estimated to be about 200 nm [from 730 to 930 nm, see in Fig. 4(b) ]. Typical CCD images displayed in the insets in Fig. 4(b) clearly show the high contrast between the SPPs launched to different directions. The measured extinction ratios well match the FEM simulation results [line in Fig. 4(b) ]. Only the extinction ratios with extremely high values are not as high as simulation predictions. This is understandable considering the imperfect sample fabrications, since the sample roughness [see Fig. 4(a) , especially in the cavity] will decrease the device performance. This problem may be overcome by using other fabrication techniques which can provide much decreased sample roughness, such as the template stripping method 35, 36 .
Discussion
Exploiting interference effects is one of the most efficient ways to manipulate light propagation. Traditionally, the bandwidth of an interference component is roughly inversely related to the interference length if the interfering sources have no dispersion effects. Here, we have observed an anomalous bandwidth shrinking phenomenon in the proposed SPP unidirectional coupler when the groove separation is down to a subwavelength scale of d 5 1/4 l spp . Calculations show that, the near-field CW component gives important contributions to this abnormal behavior in addition to the interference of propagating SPPs and the dispersion effects of individual grooves. This finding gives the first evidence that the bandwidth of a subwavelength plasmonic structure is significantly affected by the CW component. Although it is a negative factor for the device performance in the current case, CWs actually provide another free degree to manipulate light besides SPPs. With proper designs of the plasmonic structure, CWs may also be utilized to improve the device performance or even realize new functionalities (for instance, to construct subwavelength wavelength-sensitive devices). Such near-field effects provide new opportunities for the design of ultracompact optical devices.
Compared with other existing SPP unidirectional couplers 6,7,14-23 , the current design provides simultaneously high efficiency, high extinction ratio (.40 dB at a specific wavelength) and ultracompact size (lateral dimension about 850 nm). Moreover, it provides an extremely broad bandwidth of .200 nm with high extinction ratios of $10 dB. Such broadband nature will greatly facilitate the device's real applications. Another important issue is how much of the total incident light is eventually converted into SPPs. Simulations show that 24% of the total incident light power can be converted into the unidirectional SPPs when the incident Gaussian beam has an optimal beam waist of 600 nm (see Supplementary Section 4 online). Considering the submicron dimension of the proposed SPP unidirectional coupler, this result is rather impressive. Besides, our design also shows high robustness which means a released requirement on sample fabrication accuracy. For instance, if one of the groove width or depth is changed by 10%, FEM simulations show that a broad bandwidth of about 200 nm with high extinction ratios of $10 dB can still be maintained and only the central wavelength and the maximal extinction ratio will be changed to a certain extent. That is why good experimental results can be achieved with a relatively rough sample.
Methods
Simulation. Numerical simulations were performed by the finite element method (FEM), using commercial software COMSOL Multiphysics. The permittivity of the gold as a function of the wavelength was taken from literature 37 , and expanded using the method of interpolation. For the calculation of equations (1) and (2), the values of t 1 , t 2 , r 1 , r 2 were extracted from FEM simulation results with SPPs incident on a single nanogroove from the left, and the values of A 1 , A 2 were extracted from FEM simulation results with Gaussian beam normally incident on a single nanogroove. For the calculations using the modified model including the CW contributions, terms corresponding to CW and SPP cross conversions were added to equations (1) and (2) . The calculation of CW and SPP cross conversions follows the strategy in Ref. 32 , but with two main differences. One is that not only CW to SPP scattering but also SPP to CW and CW to CW scatterings are included. The other is that the CW component is evaluated by a more rigorous mode decomposition method 31 instead of the simple fitting procedure using equation (1) in Ref. 32 .These two differences make the calculations on the current structure more precisely. For more details concerning the implementation of the different calculation models, see Supplementary Section 1 online.
Fabrication. The experimental structure was fabricated using a focused ion beam in a 450-nm-thick gold film. The gold film was evaporated on a glass substrate with a 30-nm-thick titanium adhesion layer.
Measurement. The laser source was a Ti: sapphire laser with the wavelength tunable from 700 nm to 950 nm. The p-polarized (electric field perpendicular to the nanogroove) laser beam was focused to a radius of about 3 mm and normally illuminated the groove-doublet from the front side. Excited SPPs then propagated to the observation slits and partly leaked through to the substrate side. The observation slits were imaged onto a charge coupled device (CCD) by a collecting objective from the substrate side. Typical CCD images displayed in the insets in Fig. 4(b) clearly show the high contrast between the SPPs launched to different directions. For comparison, CCD images obtained when the upper reference single nanogroove was illuminated show similar SPP intensities to different directions. The extinction ratio g L /g R of the groove-doublet structure was measured by comparing the signal intensities of the two observation slits (evaluated by integrating over the detected light spots).
